Defects in GABAergic function can cause epilepsy. In the last years, cell-based therapies have attempted to correct these defects with disparate success on animal models of epilepsy. Recently, we demonstrated that medial ganglionic eminence (MGE)-derived cells grafted into the neonatal normal brain migrate and differentiate into functional mature GABAergic interneurons. These cells are able to modulate the local level of GABA-mediated synaptic inhibition, which suggests their suitability for cell-based therapies. However, it is unclear whether they can integrate in the host circuitry and rescue the loss of inhibition in pathological conditions. Thus, as proof of principle, we grafted MGE-derived cells into a mouse model of seizure susceptibility caused by specific elimination of GABAergic interneuron subpopulations in the mouse hippocampus after injection of the neurotoxic saporin conjugated to substance P (SSP-Sap). This ablation was associated with significant decrease in inhibitory postsynaptic currents (IPSC) on CA1 pyramidal cells and increased seizure susceptibility induced by pentylenetetrazol (PTZ). Grafting of GFP + MGE-derived cells in SSP-Saptreated mice repopulates the hippocampal ablated zone with cells expressing molecular markers of mature interneurons. Interestingly, IPSC kinetics on CA1 pyramidal cells of ablated hippocampus significantly increased after transplantation, reaching levels similar to the normal mice. More importantly, this was associated with reduction in seizure severity and decrease in postseizure mortality induced by PTZ. Our data show that MGE-derived cells fulfill most of the requirements for an appropriate cell-based therapy, and indicate their suitability for neurological conditions where a modulation of synaptic inhibition is needed, such as epilepsy.
INTRODUCTION
a large clinical problem, because surgical resection is only appropriate for a minority of patients (14, 35) . Therefore, novel therapeutic approaches are urgently The GABAergic system plays an important role in the etiology of epilepsy. Numerous studies have shown needed for a substantial number of epileptic patients (19). altered number and function of GABAergic interneurons in the cortex and hippocampus of animal models and
In recent years, cell-based therapies have been investigated as a way to modulate hyperactivity or increase patients with epilepsy (4, 5, 11, 12, 15, 20, 25, 53) . These defects lead to an imbalance between inhibitory and excitthe inhibitory activity as a potential antiepileptic approach (22, 38, 40, 45) . Cell grafts from different sources atory circuits that may cause epilepsy (31, 39) .
Among the therapeutic approaches for epilepsy treathave been performed with disparate effects in animal models of epilepsy (22, 38, 40, 45) . Embryonic stem (ES) ment, antiepileptic drugs (AED) that target the GABAergic system present an acceptable efficacy. However, decells, fetal hippocampal precursors, or cells genetically modified to produce and secrete GABA have been transspite the progresses in AED application, up to a third of patients continue to experience seizures on maximal planted into the hippocampus or in regions implicated in the generalization of seizures (10, 16, 18, 24, 27, 41, 43 , tolerated drug therapy (23). Refractory epilepsy remains [45] [46] [47] 52 ). These cell types were partially successful in we examined the survival, distribution, morphology, and molecular phenotype of the graft-derived cells at differreverting some of the pathological changes observed in the animal models. However, they presented important ent time points. In addition, we evaluated their possible effects on the inhibitory synaptic function and seizure drawbacks, such as their poor tissue distribution or, in the case of ES cells, the lack of safety due to potential susceptibility of the mice. This information will be critical to verify the suitability of MGE-derived precursors generation of teratocarcinomas (8, 41) . In addition, the grafts have only a transient effect, maybe due to defor cell replacement therapies and their potential contribution to the functional recovery of epileptic brain. creased GABA release over time, or because the host target neurons downregulate their own GABA receptors MATERIALS AND METHODS following transplantation (21, 27) . Finally, the functionAnimals and Experimental Groups ality and interaction of these grafted cells with the host circuitry never was described in detail at the electro-CD-1 adult mice (60 days old) were obtained from physiological level.
Charles River (Barcelona, Spain) and kept in the CIPF These limitations make necessary the search for alteranimal facility. All animal procedures were carried out native sources of cells with antiepileptic potential. Good in accordance with the Spanish legislation (RD 1201/05 candidates to overcome these difficulties, and achieve and L 32/07) and the guidelines of CIPF animal care higher levels of inhibition or modulate the excitatory accommittee. tivity, are the GABAergic interneurons. In the last few
We established three experimental groups. The first years, it has been shown that most of the GABAergic group (SSP-Sap + MGE) comprised mice with specific interneurons in the cortex and hippocampus are derived interneuron ablation by a substance P analogue, SSP from neuronal precursors born in the medial ganglionic [Sar 9 , Met(O 2 ) 11 ], conjugated to the neurotoxin saporin, eminence (MGE) (3, 9, 28, 51) . We recently demonstrated a type I ribosome-inactivating protein (SSP-Sap; Adthat MGE-derived precursors can be transplanted into vanced Targeting Systems, Inc.). This group (n = 17), 7 the neonatal normal brain, giving rise to neurons that days later, received a transplant of MGE-derived cells. can migrate and differentiate into fully mature GABAer-
The second group (SSP-Sap, n = 11) constituted by mice gic interneurons throughout the cortical plate and the with SSP-Sap-mediated ablation received, 7 days later, hippocampus (2). More importantly, these cells are able a similar volume of dead cells (by repeated frost and to integrate into the local circuits and make functional thaw cycles) as a control of inflammatory response or synapses with existing neurons, influencing the level of GFP toxicity. Finally, the third group (Control, n = 10) GABA-mediated synaptic inhibition (2). In addition, was comprised of sham-operated mice. they have been recently transplanted in an animal model SSP-Sap Injection of stroke, with partial success in the amelioration of the neurological symptoms (13) . These observations strongly We adapted the procedure developed by Martin and suggest the suitability of these precursors for their use Sloviter in the rat (29) . Basically, mice were anesthein cell-based antiepileptic therapies. However, whether tized (1.5-2% isoflurane) and positioned under a stereo-MGE-derived interneurons are able to differentiate proptaxic apparatus (Stoelting). Skull was exposed and treerly, integrate in the circuitry satisfactorily, and modify panned with the help of a Dremel. A total of 40-50 the inhibitory synaptic function under neuropathological nl volume of SSP-Sap (0.04 mg/ml in sterile PBS) was conditions remains unknown.
injected with a sharpened glass micropipette (ϳ20 µm To address this issue, we performed grafts of MGEdiameter), prefilled with mineral oil. The micropipette derived precursors into a new mouse model of hippowas attached to a Narishige oil microinjector and coucampal disinhibition, associated with hyperexcitability pled to the stereotaxic apparatus. We injected bilaterally and susceptibility to seizures induced by pentylenetetrain two different points, corresponding to the anterior and zol (PTZ). This mouse model, based on the rat model posterior hippocampus. The 40-50-nl volume was indeveloped by Martin and Sloviter (29) , was generated jected in four to five points of the dorsal axe at the folby a selective and spatially located ablation of hippolowing coordinates from bregma (L: +/−1. 4 cells from CD-1 mice 2 and 4 months after the ablation and per mouse were injected bilaterally in the same coordiwith or without transplantation, as described previously nates used for SSP-Sap injection. After surgical proce-(2,12). Briefly, the mice were decapitated under anesthedure, grafted mice were returned to their cages and anasia, and the brain was rapidly removed in ice-cold oxylyzed 2, 4, and 12 months later. genated (95% O 2 /5% CO 2 ) slicing artificial cerebrospinal fluid (sACSF) (2,12). Horizontal hippocampal (300-Immunostaining µm-thick) slices were cut in 4°C oxygenated sACSF. Perfusion, brain collection, sectioning, and immunoThe slices were immediately transferred to a holding staining were performed as previously described (2). We chamber where they remained submerged in oxygenated used the following antibodies: rabbit anti-GABA (1: normal recording ACSF (nACSF) (2,12). Slices were 1000, Sigma), anti-neurokinin-1 (NK-1; 1:1000, Chemiheld at 37°C for 45 min and then at room temperature. fied using an epifluorescence and infrared differential interference contrast (IR-DIC) video microscopy system anti-glial fibrillary acidic protein (GFAP; 1:500, Chemicon), and anti-Iba1 (1:200, Wako). The following sec-(Nikon). Patch pipettes (3.7 MΩ) were pulled from borosilicate glass capillary tubing (World Precision Instruondary antibodies were used: cy3-conjugated donkey anti-mouse or anti-rabbit, and biotin-conjugated donkey ments) using a micropipette puller (P-97; Sutter Instruments, Novato, CA), fire polished, and filled with anti-mouse (Jackson ImmunoResearch, PA). For DAB immunohistochemistry, incubation with ABC complex intracellular solution for whole-cell voltage-clamp IPSC recordings (2,12). To isolate GABAergic currents, slices (Vector) was performed. For NK-1 detection, due its low expression level, an incubation with ABC complex were perfused with nACSF containing 20 µM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 50 µM D-(−)-2-aminoand amplification of the signal by tyramide reaction was performed (TSA kit, Invitrogen).
5-phosphonovaleric acid (D-APV), and spontaneous and miniature IPSC (sIPSC and mIPSC) were recorded at a Cell Counts and Quantifications holding potential of 0 mV (the reversal potential for glutamate-mediated currents). mIPSC were recorded in nACSF Quantifications of cell bodies positive for GFP and/ or immunolabeled for interneuron markers were percontaining 1 µM tetrodotoxin (TTX). At the majority of experiments 10 µM bicuculline methiodide (BMI) was formed on digitized images obtained with a DFC480 digital camera and IM500/FW4000 image manager softapplied to abolish IPSC, to confirm the involvement of GABA A receptors. For control the IPSC were recorded ware (Leica Microsystems Imaging Solutions, Cambridge, UK) on a DM6000B microscope (Leica Microon CA1 pyramidal neurons in either the contra lateral hippocampus or in "age-matched" untreated animal. systems, Wetzlar, Germany).
Survival percentage of grafted cells, at 2, 4, and 12 Voltage and current were recorded with an Multiclamp 700B amplifier (Molecular Devices) and monitored with months after the transplant, was estimated in serial sections, as previously described (2). We counted all the an oscilloscope and with pClamp 10.0 software (Molecular Devices), running on a Pentium personal computer GFP + cells in the anterior-posterior and septo-temporal axis of one of this series (seven coronal slices of 50 µm, (Dell Computer Company, Round Rock, TX). Wholecell voltage-clamp data were low-pass filtered at 1 kHz two of them including the injection sites, separated each section 300 µm, and covering from −1.06 mm to −3.28 (−3 dB, eight-pole Bessel), digitally sampled at 20 kHz. Whole-cell access resistance was carefully monitored mm with respect to bregma in the longitudinal axe). A representation of cell number versus distance to injecthroughout the recording, and cells were rejected if values changed by more than 25% (or exceeded 20 MΩ); tion site was obtained on graph paper. Quantification of area under the graph was estimated as total number of only recordings with stable series resistance of <20 MΩ were used for analysis. survived cells. The percentage of grafted GFP + cells expressing GABA, PV, CR, NK-1, SOM, or NPY was calWhole-cell currents were analyzed using Mini Analysis 6.0.7 (Synaptosoft, Decatur, GA) (e.g., a software culated in each mouse (n = 4) in three coronal sections, program that detects and measures spontaneous events (29), we observed a complete depletion of NPY-, SOM-, and NK-1 + interneurons ( Fig. 1A-H ) around the SSPas described previously) (2,12). Between 100 and 200 individual events were analyzed for each cell. Results
Sap injection sites, and no alteration in the number of CR + cells ( Fig. 2A, B ). In contrast, opposite to what are presented as the mean ± SEM. To compare results between cells from different animals, we used a oneMartin and Sloviter (29 reported in the rat, we only observed a slight diminution in the number of PV + interneway ANOVA followed by Tukey-Kramer test, with significance level of p < 0.05. urons ( Fig. 2C-D ). This was due to the lack of NK-1 coexpression in most of the PV + interneurons. Only 16.1 ± PTZ-Induced Seizure Susceptibility Test 1.0% (n = 4) of these cells colocalized for NK-1 in the Pentylenetetrazol (PTZ, 60 mg/kg, IP) was injected mouse hippocampus ( Fig. 2E-G ). in 24 male CD-1 adult mice (nine controls, nine SSP-
The area of ablation covered regions such as CA1, Sap, and 6 SSP-Sap + MGE cells), as described else-CA3, hilus, and dentate gyrus. A schematic representawhere (30) . Immediately after injection, the animals tion of the extension of the interneuronal elimination is were individually placed in a cage and their behavior illustrated in Fig. 3 (shadowed area). The depletion of was observed and video-recorded for 1 h. These video cells and the micropipette used to inject SSP-Sap prorecordings were subsequently used to confirm the visual duced no gross morphological anomalies in the hippoevaluation of the seizure severity, expressed by the folcampus, confirmed by Nissl staining and the absence of lowing scale: (0) no abnormal behavior; (1) automareactive gliosis (data not shown). tisms; (2) myoclonic twitches (sudden muscle jerk,
In the rat, the specific ablation of hippocampal insometimes accompanied by tail movements and head terneuron subpopulations by SSP-Sap leads to disinhibinodding); (3) unilateral forelimb clonus/bilateral foretion and hyperexcitability in response to afferent stimulimb clonus; (4) bilateral forelimb clonus and rearing; lation (29) . In addition, decrease in the number of (5) rearing, falling, and generalized convulsions that interneurons use to be associated with a reduction of could result in death. Each animal received a final score GABA-mediated synaptic inhibition (5, 11, 12) . In order that correspond to its most severe seizure presented durto confirm a similar alteration of the inhibitory activity ing the test. For all the animals with scores of 1 or in our mouse model, we performed patch clamp recordabove, the latency to the first seizure, regardless of seings of the pyramidal neurons in the CA1 area of the verity, was also measured (in seconds). To compare rehippocampus. To ensure that electrophysiological results between groups, we used Fisher's exact test with cordings were effectively located in the region of insignificance level of p < 0.05.
terneuron ablation, we fixed and cut the slices after the recordings to perform inmunohistochemistry against RESULTS
NK-1, which confirmed the absence of this interneuron Generation of a Mouse Model of Decreased Inhibition population in the area. and Seizure Susceptibility
Whole-cell inhibitory postsynaptic currents (IPSC) on CA1 pyramidal cells from SSP-Sap-treated mice (n = In order to test the capacity of MGE-derived progenitors to recover deficiencies in inhibition and replace the 5) and sham-operated, age-matched controls (n = 7) were recorded 2 months after SSP-Sap injection (Fig. specific loss of GABAergic interneurons, both defects implicated in some types of epilepsy (12, 20, 25) , we gen-4A). Analysis of sIPSC showed significant reductions in frequency and amplitude in CA1 pyramidal cells from erated a mouse model of decreased inhibition and high seizure susceptibility by interneuron-specific ablation.
SSP-Sap-treated mice. Average sIPSC frequency was reduced (1.78 ± 0.20 Hz; n = 17) when compared with For this, we injected the neurotoxic conjugate SSP-Sap into the anterior and posterior hippocampus of CD-1 controls (4.04 ± 0.36 Hz; n = 20; p < 0.001) (Fig. 4B) , and average sIPSC amplitude was also significantly readult mice (P60) (see Materials and Methods). As previously reported in the rat, 1 week after SSP-Sap injecduced in CA1 pyramidal cells from SSP-Sap-treated mice (10.06 ± 0.62 pA, n = 17) when compared with tion, we observed a complete loss of GABAergic interneurons expressing substance P receptor, NK-1, in controls (16.23 ± 1.08 pA, n = 20; p < 0.001) (Fig. 4C) . Finally, histograms of sIPSC amplitude showed a shift wide areas of the hippocampus (Fig. 1A-D) .
In order to confirm the specificity of the ablation, we to small-amplitude events in SSP-Sap-treated mice (Fig. 4D ). performed immunohistochemistry against specific markers of GABAergic interneurons. The loss of NK1-postTo further characterize the reduction in GABA-mediated synaptic inhibition, TTX (1 µM) was added to the ive interneurons and the presence or absence of other interneuron subpopulations was the primary criteria used nACSF to isolate mIPSC. Significant decreases in mIPSC frequency were observed in CA1 pyramidal cells from to establish the efficacy and selectivity of SSP-Sapmediated ablation. Similar to previous results in rats SSP-Sap-treated mice (1.52 ± 0.15 Hz; n = 17) when compared with controls (3.41 ± 0.30 Hz; n = 17; p < and lower amplitude of IPSC usually indicate activation of axo-dendritic synapses, while faster kinetics and higher 0.001) (Fig. 4E) . Changes in mIPSC amplitude were not detected (SSP-Sap: 9.73 ± 0.28 pA; n = 17; control:
amplitude of IPSC are associated with axo-somatic synapses (20,50). There were no reductions in number of 10.78 ± 0.65 pA; n = 17) (Fig. 4F, G) . Cumulative probability plots and Kolmogorov-Smirnov (K.S.) statistical slow-decay and rise time, small-amplitude mIPSC events, characteristic of dendrite-innervating interneurons. analysis further confirmed reductions in IPSC frequency (sIPSC and mIPSC: K.S. test p < 0.001) and amplitude These electrophysiological data showed an important reduction in the hippocampal inhibitory synaptic input (sIPSC: K.S. test p < 0.001) (Fig. 4B, C, E) . No changes in distribution, or average IPSC decay time constant and of the mice after SSP-Sap injection, which was consistent with the histological observations of reduction in rise time 10-90%, were found (Fig. 5) . Slower kinetics the number of GABAergic interneurons in the same entiate into interneurons that functionally integrate when transplanted into the normal mouse brain (2). However, area.
to ensure their therapeutic suitability, it is necessary to Migration and Characterization of MGE-Derived Cell verify that: a) they behave similarly under pathological Grafts in the Mouse Model conditions and b) they are able to revert the symptoms associated with the pathology. Thus, we performed a se-MGE-derived cells are good candidates for cell therapy strategies, given their ability to migrate and differries of MGE-derived grafts from GFP + embryos into the hippocampus of our mouse model of seizure susceptitime point, evaluated in serial sections (see Materials and Methods) as the ratio of GFP + cells in the brain bility.
One week after SSP-Sap injection, we transplanted a versus the number of transplanted cells. We also estimated the survival rate at 4 months (18.7 ± 2.6%, n = 3) total of 4-8 × 10 4 MGE-derived cells per brain into the anterior and posterior hippocampus, using the same steand 1 year (18.1 ± 3.7%, n = 3) after the transplant with similar results. These data are comparable to others (2, reotaxic coordinates for SSP-Sap injection. Analysis of grafted brains, 2 months after the transplant, revealed a 18,49) and indicate that grafted cells are stable and, very importantly, they suffer no transformation, given the fact widespread distribution of GFP + cells in the hippocampus, covering most of the ablation area (Fig. 3A) . Surthat we never observed any tumor formation in the brain of the transplanted mice. vival rate of grafted cells was 20.3 ± 3.1% (n = 5) at this Similar to previous transplants in the normal neonatal was a significant increase in the frequency and amplitude of sIPSC plotted as a cumulative distribution, conbrain (2), the GFP + cells presented a fully mature morphology 2 months after the transplant, showing large and sistent with an enhancement of GABAergic inhibition after the cell transplant (freq. and amp: K.S. test p < 0.001) elaborated dendritic trees that resemble the aspect of typical interneurons in the hippocampus (Fig. 3B-D) . (Fig. 4B, C) . The amplitude distribution histogram showed a clear shift back to high-amplitude events in Approximately 86% of GFP + cells expressed the neuronal marker NeuN. In addition, we found endothelial SSP-Sap + MGE group, similar to controls, which suggests an increase in the release of GABA from presynapcells around the injection site (CD31 + , 8%) and immature oligodendrocytes (Olig-2 + , 6%) within the corpus tic sites in grafted animals (Fig. 4D) . Cumulative distribution and average mIPSc frecallosum (Fig. 3B, E) , as previously reported (2). In contrast, none of the MGE-derived cells exhibited morphoquency in CA1 pyramidal cells from SSP-Sap + MGE group was also increased significantly (3.44 ± 0.25 Hz; logical or molecular features of pyramidal neurons or astrocytes (data not shown). n = 17; p < 0.001; Cumulative fraction K.S. test p < 0.001), reverting close to normality (Fig. 4E) . Changes In order to confirm the acquisition of molecular properties of mature interneuron by the transplanted cells, in mIPSC amplitude (SSP-Sap + MGE: 10.86 ± 0.37 pA; n = 17), and in average and histogram distribution we performed immunohistochemistry analysis. Double immunofluorescences revealed that 64.6 ± 4.7% of GFP + of IPSC decay time constant or rise time 10-90%, were not observed ( Fig. 4F, G; Fig. 5 ). graft-derived cells expressed GABA (Fig. 6A) . Subsets of the GFP + neurons also coexpressed PV (34.6 ± 5.6%), In order to verify the stability of the MGE graft effects on the hippocampal inhibitory input, we performed SOM (34.3 ± 6.2%), NPY (18.8 ± 2.9%), NK-1 (25.5 ± 6.1%), and CR (3.5 ± 1.5%) at expression levels, distributhe same type of electrophysiological analysis at 4 months after the transplant. We obtained similar results tion, and number similar to those of the host interneurons (Fig. 6B-G ). These results demonstrate that MGE-derived in the study of IPSC kinetics, which strongly suggested a stable and maintained recuperation of GABAergic incells differentiate normally into mature interneurons under epileptogenic conditions and indicate that they are hibitory levels along the time (Fig. 7) . able to replace the loss of interneurons after SSP-Sap MGE-Derived Cell Grafts Reduce Seizure Susceptibility ablation. They also suggest that survival rate and normal maturation processes are not affected by this pathologi-
The observed imbalance in the GABAergic inhibition, due to the specific elimination of NK-1 + interneurcal condition.
ons, may have functional consequences on the normal
Effects of the MGE-Derived Cell Grafts
behavior of the mice. To confirm this possibility, we on the Inhibitory Activity monitored the animals for 2 months by video recording to detect spontaneous seizure. Additionally, we also evaluWe wonder whether transplanted MGE precursors functionally integrate in the host brain, and if they are ated their susceptibility to PTZ-induced seizures. As previously reported in the rat, no spontaneous behavioral able to correct the alterations in the hippocampal inhibitory activity of the SSP-Sap-treated mice. We estabseizures were observed in the SSP-Sap-injected mice. However, these mice presented a higher sensitivity to lished three experimental groups: SSP-Sap (n = 5); SSPSap + MGE (n = 5); and sham-operated control (n = 7) PTZ-induced seizures (Fig. 8) . We compared the intensity and latency of seizures induced by PTZ (60 mg/kg, (see Materials and Methods). The hippocampal area with interneuronal ablation containing GFP + cells was IP) in the SSP-Sap-treated mice (n = 9) and age-matched, sham-operated controls (n = 9). A greater number of anidentified under epifluorescence, and IR-DIC visualized CA1 pyramidal neurons surrounded by GFP + cells were imals from the SSP-Sap group developed severe seizures (56%: 5/9 reached stage V) when compared to control chosen for whole-cell patch-clamp recording. We compared the IPSC kinetic properties in CA1 pyramidal group (22%: 2/9) (p < 0.0001). While all the animals from the control group (9/9) exhibited mild seizures cells from each experimental group. BMI (10 µM) was also used at the end of the experiments to confirm that stages I-II, only 67% (6/9) of the SSP-Sap-treated mice developed seizures stages I-II (p < 0.0001) (Fig. 8A) . the IPSC were mediated by GABA A receptors (Fig 4A) .
In accordance with the presence of GFP + GABAergic Reciprocally, the percentage of severe seizures, stages IV-V, were higher in the SSP-Sap group (37%: 15/41, interneurons from the donor in the ablated area, we observed a significant increase in average sIPSC frequency n = 9) when compared with the control group (13%: 8/ 63, n = 9; p < 0.01; (Fig. 8B) . Finally, very interestingly, and amplitude in CA1 pyramidal cells from SSP-Sap + MGE group, 2 months after transplantation (freq: 3.93 ± the mortality rate after PTZ-induced seizures was higher in the SSP-Sap group (56%) than in control group (22%) 0.47 Hz; n = 17; p < 0.001; amp: 18.60 ± 1.35 pA; n = 17; p < 0.001), when compared with the SSP-Sap group (p < 0.0001) (Fig. 8C) .
The graft of MGE-derived cells recovered the (values described above; n = 17) (Fig. 4A-D) . There GABA-mediated synaptic inhibition lost in SSP-Sapprecursors were able to modulate the inhibitory circuitry in a pathological environment, increase the inhibitory treated animals (Figs. 4, 5, and 7) . Therefore, transplantation of MGE precursors should have important consesynaptic input in CA1 hippocampal pyramidal cells, and, very importantly, decrease the level of seizure susceptiquences in the seizures susceptibility of these mice, as well. Significantly, the SSP-Sap + MGE group of mice bility. presented lower percentage of severe seizure stage V (17%: 7/42, n = 6, p < 0.05) and low incidence of severe DISCUSSION seizures (17%: 1/6) when compared with the SSP-Sap group (p < 0.0001) (Fig. 8A, B) . In addition, they also
In this work, we show that transplants of MGEderived GABAergic precursors are able to replace, physexhibited a significant lower mortality rate (17%, p < 0.0001) than SSP-Sap-treated mice (Fig. 8C) . The beically and functionally, the loss of hippocampal interneurons in a mouse model of seizure susceptibility. This is havior of MGE-grafted mice in the PTZ assay was very similar to the sham-operated control group. No signifithe first electrophysiological demonstration of an effect of the grafted cells on the altered circuitry of this murine cant changes were found in the latency of seizures for all groups (control: 3.3 ± 0.8 s; SSP-Sap: 1.9 ± 0.6 s; seizure model. These cells restore the normal hippocampal synaptic activity and, what is more important, re-SSP-Sap + MGE: 2.7 ± 0.8 s). Therefore, MGE-derived Similar to previous reports from our group and others (2,18,49), the MGE-derived cells that were transplanted Creating a Disinhibited Environment in the adult brain survive for at least 1 year, with no Defects in GABAergic system can lead to epilepsy.
signs of tumor formation. This indicates the stability and For this reason, to investigate the capacity of the MGEsafety of the transplants. derived precursor to repair these defects, we generated
In contrast, the survival rate of the transplanted cells a mouse model characterized by the specific ablation of in our hands (about 20%) was lower compared with GABAergic interneurons in the hippocampus. There are other experimental models, such as kainate (18). There other models of epilepsy (7, 26, 32, 48) . However, their are multiple explanations for this difference. In the kaimechanisms of seizure induction are multiple, and some nate model there is strong tissue damage, which may of them present morphological changes that not always lead to neurotophin expression and therefore better surare observed in epileptic patients. For this reason, the vival. In contrast, our model lacks apparent histological precise elimination of interneurons with no gross mordamage. In addition, in the kainite model it was reported phological changes allows the study of specific alterthe transplant of cells from the whole ganglionic emiations in the GABAergic system. nence of rats at later developmental stage (E15). These In this model, we eliminated the interneurons excells were pretreated with different factors (18), which pressing NK-1 in the hippocampus by local injection of may have improved their survival. Moreover, this seems SSP-Sap as described earlier in rats (29) . We did not to abolish their migratory capacity, provoking the forobserve significant differences comparing with rats. mation of clusters that strongly alter the morphology of However, in mice the number of ablated PV + interneurthe brain parenchyma after the transplant. In our case ons was smaller, due to the lack of NK-1 coexpression (isolation of mouse MGE precursors at 12.5 embryonic in most of the PV + interneurons (Fig. 2E-G) . Nonetheday and no additional manipulation), two single cell inless, the ablation of other GABAergic interneurons subjections per hemisphere were able to cover a wide area populations (NK-1 + , SOM + , or NPY + ) was sufficient to of the altered adult brain (Fig. 3) , and no gross morphocause an important diminution in the synaptic inhibition logical alterations were observed. To our knowledge, and increment of excitability. This was evidenced by the these neuronal precursors are, up to now, the only ones decrease in IPSC on CA1 pyramidal cells and by inwith such migratory ability, which makes them ideal as crease in the susceptibility to PTZ-induced seizures, redelivery vectors. spectively. This is consistent with different animal modDifferentiation Into Mature Interneurons els where small reduction in interneuron subpopulations leads to alterations in the inhibitory system and epilepsy MGE-derived cells expressed specific molecular markers of mature interneurons 2 months after the transplant. (12,37).
Close to 70% of the total transplanted cells expressed dition, these cells are able to perform synaptic contacts, confirmed by electron microscopy (49). Although here GABA, the main inhibitory neurotransmitter in the CNS. This percentage probably is higher, since we observed we did not present the intrinsic properties of the GFP + cells, our data provide electrophysiological evidence that an 86% of NeuN + cells, and no immunoreactivity for other neuronal subtypes like CaM kinase II, ChAT, and MGE-derived cells are able to modify the inhibitory circuitry in a environment specifically altered by the abla-TH. These differences in the percentages may be due to an underestimation in GABA quantification causing low tion of GABAergic interneurons. The IPSC frequency and amplitude in the CA1 hippocampal pyramidal cells levels of expression and/or typical problems in the immunodetection of GABA. In addition, we also found oliin SSP-Sap-treated mice reached values close to normal after MGE cell transplantation. To our knowledge, this godendrocytes (6%) and endothelial cells (8%), as previously reported (2).
is the first demonstration, at the electrophysiological level, that graft-derived cells are able to revert deficits in The naturally occurring differentiation into GABAergic interneurons allowed the replacement of the SSPhippocampal synaptic inhibition. Moreover, given that MGE-derived cells do not differentiate into pyramidal Sap-ablated interneurons. It is interesting to note that, unlike other reports (21,27,45), the MGE-derived inneurons, it may be an excellent method for enhancement of inhibitory systems when and where needed, and in a terneurons expressed GABA for long periods of time (1 year), without any further manipulation. In addition, the long standing fashion. percentage of generation of each interneuronal subtype was not significantly affected by the ablated environDecrease in Seizure Susceptibility ment, compared with previous results of MGE grafts in PTZ assay is an effective method to screen AED (26) . normal mice (Fig. 6G) (2) . We only observed a tendency
We used this assay to evaluate the effect of the MGE of increment in the number and expression of NPY + grafts on the seizures threshold of our mouse model. cells. This is consistent with the reported overexpression We found that transplantation reduced both the seizure of NPY in different animal models of epilepsy, such as susceptibility and, more importantly, the mortality due pilocarpine (6, 33) .
to PTZ-induced seizures. This was associated with wideHowever, we cannot discard that MGE-derived cells spread migration and differentiation of MGE-derived differentiate in a different way under other pathological cells into functionally mature interneurons, and in line conditions. In fact, comparing with a recent report, we with the observed increment in the inhibitory synaptic observed a lower percentage of CR + cell differentiation activity in the CA1 of the hippocampus. These results in a model of kainate (Fig. 6G) (18) . This could be due demonstrate that MGE-derived grafts have effects on the to differences in the origin of the cells (E15.5 rats vs.
behavior of the host animal and show their capacity to E12.5 mouse) and dissection procedures that may indecrease seizure susceptibility. clude part of the caudal ganglionic eminence. It may also due to the postmanipulation of the cells (they treat CONCLUSION them with FGF-2) and their graft in a different pathological environment with higher damage levels, which may Our results strongly support the use of MGE-derived cells to repair defects in the GABAergic system and inaffect their survival rate, as indicated above. Further studies in several animal models of epilepsy should be crease the inhibitory input. They fulfill most of the requirements for an appropriate cell-based therapy: a satisperformed to verify the appropriated differentiation of the MGE-derived cells in other epileptogenic environfactory stability, survival, and safety; their extensive migration; the differentiation into functionally mature ments.
interneurons (which imply the integration into the local Effects on the Local Synaptic Circuitry Activity circuitry and modulation of its activity); and, very importantly, the ability to rescue the GABAergic defects Previous works have shown partial improvements in epileptic symptoms after cell transplantation (22,27,42, and revert the symptomatology in the animal model of seizure susceptibility. 43,45). This was confirmed by the reduction in seizures incidence and the presence of graft-derived cells that exOur results evidence the suitability of MGE-derived cells for the treatment of epilepsies associated with pressed GABA. However, the morphological integration was poor and, importantly, electrophysiological records GABAergic alterations, absence of interneurons, or with deficits in inhibition. However, the etiology of epilepsy were not performed in the transplantation area. So, it cannot be concluded that the effects were due to the cell is multiple and it is not clear whether this cell type may improve the condition in all cases. We should be cauintegration in the circuitry or by the secretion of GABA.
In a previous work (2), we demonstrated that MGEtious before use in the clinic. Further efforts should be devoted to demonstrate the mechanism of action of derived cells acquire electrophysiological characteristics of fully mature interneurons after transplantation. In ad-MGE-derived cells, and to verify their efficacy in other
